Abstract. In vitro trypanocidal and leishmanicidal activities of the flavonoids hispidulin, from Ambrosia tenuifolia, and santin, from Eupatorium buniifolium, are reported. A sensitive technique that takes advantage of ( 3 H)thymidine uptake by dividing trypanosomatids has been adjusted for quantification of the parasiticidal effect of the natural products. The IC 50 values for hispidulin and santin on Trypanosoma cruzi epimastigotes were 46.7 and 47.4 M, respectively. On trypomastigotes, the IC 50 values were 62.3 M for hispidulin and 42.1 M for santin. Hispidulin was more active than santin on promastigotes of Leishmania mexicana (IC 50 ‫ס‬ 6.0 M versus 32.5 M). No cytotoxic activity was observed on lymphoid cells, making hispidulin and santin potential lead compounds for the development of new natural drugs. This is the first report on the trypanocidal and leishmanicidal activities of these flavonoids and on the presence of santin in E. buniifolium.
INTRODUCTION
American trypanosomiasis (Chagas disease) and leishmaniasis are a major health problem over the world. It is estimated that 18-20 million people are infected with Trypanosoma cruzi in Latin America 1 and that 12 million people are infected with Leishmania spp. worldwide. 2 In previous studies, we reported the existence of patients co-infected with T. cruzi and Leishmania spp., in which the two parasitoses were determined unequivocally by direct parasitological methods 3, 4 and later confirmed by PCR. 5 Mixed infections are an important problem in several regions of Latin America where the endemic areas for these two parasitoses frequently overlap. [6] [7] [8] [9] The available treatment of Chagas disease includes nifurtimox and benznidazole, which are effective in acute and congenital diseases but which have lower efficacy in treatment of chronic infection. 10 On the other hand, pentavalent antimonials (sodium stibogluconate and meglumine antimoniate) and amphotericin B are used in the treatment of different leishmaniases. 2, 11 Although great advances have been made in the fields of molecular biology and pathophysiology, these advances are not aimed at the development of new products that fulfill the needs of patients suffering from parasitic infections. 12 The scarcity of compounds, the high incidence of side effects, and the emerging resistance to available drugs have led to the urgent need for new therapeutic agents against these diseases.
Natural products are important sources of new drugs because their derivatives are extremely useful as lead structures for synthetic modification and optimization of bioactivity.
As part of our ongoing search of antiparasitic compounds from natural sources, the trypanocidal activity of selected Argentine medicinal plants has been reported by our group. 13 Among the active species, the organic extracts of Ambrosia tenuifolia and Eupatorium buniifolium were 2 of the most promising, with percentages of growth inhibition of T. cruzi epimastigotes > 70%. These results prompted us to select these species for further studies on trypanocidal activity of the purified compounds.
Ambrosia tenuifolia Sprengel (Asteraceae) is a shrub commonly known as "ajenjo del campo," "altamisa," "saltamisa," or "artemisia," widely distributed in the north and central regions of Argentina. The decoction of the aerial parts and roots is traditionally used against intermittent fevers, as stimulant, antihelmintic, antineuralgic, and for gastrointestinal pain. 14, 15 Previous chemical studies carried out on this species has led to identification of flavonoids and several sesquiterpene lactones. 16 Eupatorium buniifolium H. et Arn. (Asteraceae) is a medium-sized shrub known as "romerillo," "romerillo colorado," or "chilca," commonly found in the northeastern and central regions of Argentina. The decoction of the aerial parts has been used against rheumatic pains and as desinfectant. 17, 18 Previous phytochemical studies on this species showed the presence of flavonoids, hydroxycinnamic acid derivatives, and ent-labdanes. 19, 20 Pharmacological activitiessuch as antioxidant, antiviral, analgesic-and identification of 3 anti-inflammatory compounds have been reported for this species. 21, 22 Screening of candidate trypanocidal compounds is hindered by the lack of simple, reliable, and rapid drugevaluation tests; instead, such studies have only been based on the microscopic counting of parasites. The microscopy method is time-consuming and incompatible with high throughput. Although improved techniques in which parasites have been transfected with ␤-galactosidase, 23 ␤-lacatamase, 24 or luciferase 25 reporter genes have been developed, these methods have limitations. They are restricted to the transfected parasite strain and species, making screening more difficult when testing different parasites. Transfection may render parasites with an altered metabolism or infectivity, and the transfected enzymes may interfere with the compounds under study. Thus, in the course of this study, a sensitive technique that takes advantage of the ( 3 H)thymidine [( 3 H)T] uptake by dividing trypanosomatids has been developed for quantification of the parasiticidal effect of natural products.
In this context, we undertook an investigation to identify trypanocidal and leishmanicidal lead compounds from A. tenuifolia and E. buniifolium by means of an easy, sensitive, and reproducible screening method. Parasite strains. T. cruzi epimastigotes, República Argentina (RA) strain, were grown in biphasic medium as previously described. 26 Leishmania mexicana promastigotes strain MNYC/BZ/62/M were grown on liver infusion tryptose (LIT) medium. Both cultures were routinely maintained by means of weekly passages at 26 and 28°C, respectively. T. cruzi bloodstream trypomastigotes were obtained from infected CF1 mice by cardiac puncture, at the peak of parasitemia. Extraction and purification. The aerial parts of A. tenuifolia (1000 g) and E. buniifolium (300 g) were air-dried, ground to powder, and extracted with dichloromethane/methanol (1:1) as previously described. 13 Fractionation of these extracts was performed as follows.
MATERIALS AND METHODS

General
Twenty grams of an organic extract of A. tenuifolia was chromatographed on a silica gel 60 (500 g) column eluted with cyclohexane, cyclohexane/ethyl acetate (1:1), ethyl acetate, and methanol. Twenty-four fractions of 500 mL each were collected. According to their profile in thin layer chromatography (TLC), on silica gel 60 F 254 using toluene/ethyl acetate (5:5), they were combined into 5 fractions, F 1AT -F 5AT . Each fraction was tested for trypanocidal activity on T. cruzi epimastigotes. Fraction F 4AT (3 g) was then subjected to gel filtration on a Sephadex LH-20 (110 g) column eluted with an n-hexane/ethyl acetate gradient (from 100:0 to 0:100) and 100% methanol to yield 120 fractions of 10 mL each. Compound 1 was obtained from fractions 105-107 as an amorphous yellow powder.
Twenty grams of an organic extract of E. buniifolium was subjected to column chromatography (CC) on silica gel 60 (500 g) eluted with cyclohexane, cyclohexane/ethyl acetate (5:5), ethyl acetate, and methanol to afford 18 fractions of 500 mL each. Eluates were monitored by TLC on silica gel 60 F 254 using toluene/ethyl acetate (5:5) and combined into 4 fractions (F 1EB -F 4EB ). Each fraction was subjected to a trypanocidal activity bioassay on T. cruzi epimastigotes. Fraction F 2EB (5 g) was further fractionated using a Sephadex LH-20 column (100 g) and eluted with gradients of hexane/ethyl acetate (100:0 to 0:100) and ethyl acetate/methanol (100:0 to 0:100) obtaining 70 subfractions of 30 mL each that were combined into 13 groups (F 2EB.1 -F 2EB.13 ) according to their TLC migration profile. The purification of F 2EB.7 was performed by a semipreparative reverse-phase HPLC (RP-18, water/methanol gradient, flow rate ‫ס‬ 1 mL/min). The eluate, containing a single peak, was dried to obtain compound 2. Biologic assays. ( 3 H)Thymidine uptake assay. Exponentially growing parasites were centrifuged at 1200g for 15 min, adjusted to a cell density of 10 3 -10 7 parasites/mL in fresh LIT medium supplemented with 10% decomplemented fetal bovine serum (Gibco, Carlsbad, CA), 100 U/mL penicillin, and 100 g/mL streptomycin. Parasites were seeded in a 96-well microplate (150 L per well). One microcurie of ( 3 H)T was added to each well, and cultures were incubated for 16 hours. Counts per minute (cpm) of triplicate cultures were measured by an automated liquid scintillation counter (Packard, Downers Grove, IL). The correlation between cell counts (carried out in a Neubauer chamber) and incorporated cpm was evaluated. The susceptibility of parasites to each drug was assayed at different doses: benznidazole (Roche) was tested at 5, 10, 15, and 20 M for T. cruzi, and amphotericin B (ICN) was tested at 25, 50, 100, and 200 ng/mL for L. mexicana during 72 and 120 hours, respectively. For the last 16 hours of culture, cells were pulsed with 1 Ci ( 3 H)T per well. Trypanocidal and leishmanicidal activity of fractions and purified compounds. Growth inhibition of T. cruzi epimastigotes was evaluated for fractions F 1AT -F 5AT , fractions F 1EB -F 4EB , and purified compounds at final concentrations ranging from 0.3 to 100 g/mL. Compounds 1 and 2 were also evaluated for leishmanicidal activity on L. mexicana promastigotes at the same concentrations. Exponentially growing parasites were harvested and adjusted to a cell density of 1.5 × 10 6 parasites/mL in fresh medium. Parasites were allowed to grow for 72 and 120 hours in medium alone or in the presence of different concentrations of the compounds (in triplicate for each of the 6 concentrations analyzed) at 28°C. Percent of inhibition was calculated as {100 − [(cpm of treated parasites/ cpm of untreated parasites) × 100]}. The compound concentration at which the parasite growth was inhibited by 50% (IC 50 ) was determined after 72 hours.
The trypanocidal effect of the purified compounds was also tested on bloodstream trypomastigotes according to a standard WHO protocol with slight modifications. 28 Briefly, mouse blood containing trypomastigotes was diluted in complete LIT medium to adjust the parasite concentration to T-cell toxicity. Lymphoid cell suspensions were obtained from the lymph nodes of BALB/c mice as previously reported. 29 Briefly, T-cell-enriched populations were obtained by passage of the cell suspension through a nylon wool column. 30 T-cell percentage was > 97%, as checked by lysis with an anti-Thy antiserum plus complement and by indirect immunofluorescence. Cells were cultured at a concentration of 2 × 10 6 cells/mL in RPMI 1640 medium (Gibco) supplemented with 10% fetal bovine serum, 2 mM glutamine, 100 U/mL penicillin, and 100 g/mL streptomycin.
Cells were adjusted to a final volume of 0.2 mL per well in a 96-well flat-bottom microtiter plate and cultured at 37°C in a 5% CO 2 atmosphere for 3 and 24 hours. Cell viability was determined by the trypan blue exclusion method in the absence and presence of increasing concentrations of the purified compounds dissolved in 50% v/v EtOH (0.1, 1, 10, and 50 g/mL).
RESULTS
Isolation and structure elucidation. Compounds 1 and 2 were isolated and purified by bioassay-guided fractionation from fractions F 4AT and F 2EB from the organic extracts of A. tenuifolia and E. buniifolium, respectively. Both compounds were identified by comparing their spectroscopic data (IR, UV, MS, 1 H-NMR) to those reported in the literature as the flavonoids hispidulin (compound 1) and santin (compound 2)
31,32 ( Figure 1) . ( 3 H)Thymidine uptake assay. To determine the number of parasites measurable by the ( 3 H)T uptake assay, 3-fold dilutions of parasites were grown in triplicate and ranging from 10 3 to 10 7 epimastigotes/mL ( Figure 2A ). The linear correlation between number of epimastigotes/mL and cpm was optimum (r 2 > 0.99). Similar results were obtained when promastigotes of L. mexicana were used (data not shown). To evaluate the use of the ( 3 H)T uptake assay for parasite counting as a substitute for Neubauer chamber, we determined the viability of epimastigotes in the presence of benznidazole by both methods. Parasites were cultured with the drugs at different concentrations during 72 hours and allowed to grow with the addition of ( 3 H)T for the last 16 hours before counting in the Neubauer chamber and in the scintillation counter. There was a significant correlation (P < 0.03) between microscopic counting and cpm ( Figure 2B ). Similar results were obtained for incubation periods of 120 hours (data not shown). The dose-dependent proliferative inhibition was corroborated by culturing parasites in the presence of benznidazole or amphotericin B for T. cruzi or L. mexicana respectively, during 72 and 120 hours (Figure 3 ).
Trypanocidal and leishmanicidal activities of fractions and purified compounds. Fractions F 4AT and F 2EB from A. tenuifolia and E. buniifolium, respectively, showed the strongest trypanocidal activity against T. cruzi epimastigotes. At 100 g/mL, F 4AT inhibited the growth of epimastigotes by 87.09% ± 4.2% and F 2EB by 64.1% ± 1.1% at 72 hours of incubation.
The results for the in vitro assay with hispidulin and santin, on T. cruzi epimastigotes are shown in Figure 4 . At 100 g/ mL hispidulin induced a growth inhibition of 78.9% ± 4.6% at 72 hours and 98.0% ± 0.3% at 120 hours (P < 0.01), whereas with santin there were no differences between both times of incubation (95.2% ± 0.8% and 92.2% ± 4.2%, respectively). On T. cruzi epimastigotes, IC 50 values for hispidulin and santin were 46.7 and 47.4 M, respectively, whereas for trypomastigotes IC 50 values were 62.3 M for hispidulin and 42.1 M for santin.
The activity of the compounds on L. mexicana promastigotes is shown in Figure 5 . At 100 g/mL, hispidulin induced percentages of growth inhibition of 78.0% ± 6.6% and 81.1% ± 6.6% and santin 85.7% ± 4.5% and 89.1% ± 4.1%, at 72 and 120 hours, respectively. No significant differences were found between both times of incubation. Hispidulin exhibited a significant leishmanicidal activity with an IC 50 value of 6.0 M, while santin was less active (IC 50 ‫ס‬ 32.5 M).
Cytotoxicity assay. The results of the cytotoxic activity on lymphoid cell suspensions, expressed as cell viability, are shown in Figure 6 . The 50% cytotoxic concentration (CC 50 ) was > 50 g/mL when cell suspensions were treated with both compounds.
DISCUSSION AND CONCLUSION
The relevance of a specific antiparasitic treatment in Chagas disease has been the subject of intense debate for many years, particularly during the chronic stage of the disease. Despite many studies demonstrating the existence of autoimmune phenomena in Chagas disease, current knowledge suggests that parasite persistence, coupled with an unbalanced immune response, plays a pivotal role in the development of the characteristic pathology present in both acute and chronic stages of the disease. At present, there is a consensus on the elimination of T. cruzi from infected individuals as a requirement for the prevention of the chronic-stage characteristic lesions.
However, currently available chemotherapy, based on nifurtimox and benznidazole, is unsatisfactory because of their limited efficacy in the prevalent chronic stage of the disease and their toxic side effects. These effects, including anorexia, vomiting, peripheral polyneuropathy, and allergic dermopathy, probably as a consequence of oxidative or reductive damage in the host's tissues, can lead to discontinuation of treatment.
Mixed infections caused by T. cruzi and Leishmania spp. have recently been demonstrated in patients. [3] [4] [5] Nevertheless, the use of a single drug to treat both parasitoses is still out of reach.
Natural products play important roles in the drug discovery and development process, particularly in the field of infectious diseases, where 75% of these drugs are of natural origin. 33 We have previously found in vitro trypanocidal activity in A. tenuifolia and E. buniifolium organic extracts. 13 In this work, we report for the first time the trypanocidal and leishmanicidal activities of the flavonoids hispidulin and santin purified from these species.
Both flavonoids inhibited the growth of T. cruzi epimastigotes and trypomastigote at IC 50 values ranging from 42.1 to 62.3 M. Hispidulin showed a greater inhibitory effect than santin on L. mexicana promastigotes.
Flavonoids are natural polyphenolic compounds widely distributed in the plant kingdom. These compounds display a remarkable array of biochemical and pharmacological effects, suggesting that certain members of this group may affect the function of various mammalian cellular systems. Among the main properties that may account for the potential health benefits of flavonoids are their antioxidant, antiinflammatory, anticarcinogenic, hepatoprotective, antithrombotic, antiallergic, and antiviral activities. 34 The antiprotozoal activity of several flavonoids, such as quercetagetin, showing certain selectivity has been previously reported. 35 Tasdemir and others found that methylation of the OH groups present in flavones and flavonols, reduced the leishmanicidal activity significantly. 36 Our results are in agreement with this previous finding, as hispidulin was found to be more active than santin.
Hispidulin had already been reported as antioxidant, spasmolytic, and anticonvulsant. 37 The main biologic activities reported for santin are those related to its in vivo and in vitro anti-inflammatory properties. 38 Hispidulin had already been isolated from A. tenuifolia 16 ; however; the occurrence of santin in E. buniifolium and the antiprotozoal activity of these compounds is reported herein for the first time.
The in vitro cytotoxicity tests carried out on mammalian cells provide preliminary information about the selectivity of these compounds. When lymphoid mice cells were treated with hispidulin and santin, the CC 50 found were > 50 g/mL, thus indicating that selectivity of these compounds for the parasites studied is greater than that for mammalian cells.
To evaluate the usefulness of the ( 3 H)T uptake assay as a substitute for the parasite counts employing the hemocytometer (Neubauer chamber), we determined the viability of epimastigotes in the presence of benznidazole by both methods. Unlike other manual screening methods, in the ( 3 H)T uptake assay, subsequent manipulation steps are not required, thus increasing the reproducibility and reliability of this assay and the speed at which data can be collected. These results demonstrate that ( 3 H)T uptake assay is a more appropriate assay for the screening of natural products. Moreover, this assay is capable of discerning parasite concentrations of 2 × 10 3 parasites/mL, a concentration that can hardly be handled when the microscopic counting is used.
In conclusion, the results obtained in this study showed that hispidulin and santin have significant trypanocidal and leishmanicidal activities. These flavonoids could serve as potential lead compounds for the development of more efficient drugs for the treatment of leishmaniasis and Chagas disease. Further in vivo studies and evaluation of the underlying mechanisms are required. Identification of other active compounds from these species is currently being undertaken in our laboratory. 
